Background: Gliomas result in the highest morbidity and mortality rates of intracranial primary central nervous system tumors because of their aggressive growth characteristics and high postoperative recurrence. They are characterized by genetic instability, intratumoral histopathological variability and unpredictable clinical behavior in patients. Proliferation is a key aspect of the clinical progression of malignant gliomas, complicating complete surgical resection and enabling tumor regrowth and further proliferation of the surviving tumor cells. Methods: The expression of Fstl1 was detected by western blotting and qRT-PCR. We used cell proliferation and colony formation assays to measure proliferation. Then, flow cytometry was used to analyze cell cycle progression. The expression of Fstl1, p-Smad1/5/8 and p21 in GBM tissue sections was evaluated using immunohistochemical staining. Furthermore, we used coimmunoprecipitation (Co-IP) and immunoprecipitation to validate the relationship between Fstl1, BMP4 and BMPR2. Finally, we used orthotopic xenograft studies to measure the growth of tumors in vivo. Results: We found that follistatin-like 1 (Fstl1) was upregulated in highgrade glioma specimens and that its levels correlated with poor prognosis. Fstl1 upregulation increased cell proliferation, colony formation and cell cycle progression, while its knockdown inhibited these processes. Moreover, Fstl1 interacted with bone morphogenetic protein (BMP) 4, but not BMP receptor (BMPR) 2, and competitively inhibited their association. Furthermore, Fstl1 overexpression suppressed the activation of the BMP4/Smad1/5/8 signaling pathway, while BMP4 overexpression reversed this effect. Conclusion: Our study demonstrated that Fstl1 promoted glioma growth through the BMP4/Smad1/5/8 signaling pathway, and these findings suggest potential new glioblastoma treatment strategies.
Fstl1 Promotes Glioma Growth

Introduction
Glioblastoma multiforme (GBM) is the most common and deadly brain tumor in adults, accounting for approximately 80% of malignant tumors affecting the central nervous system [1, 2] . Despite advances in standard therapy, including diagnostic methods and treatment strategies, the prognosis for patients with GBM remains poor, with an average survival time of 12-15 month after diagnosis [3] [4] [5] . Therefore, new anticancer agents for treating this disease are urgently needed.
Bone morphogenetic proteins (BMPs) are multifunctional growth factors belonging to the transforming growth factor beta (TGF-β) superfamily [6] . Transforming growth factor β (TGFβ) receptor signaling pathways play essential and diverse roles in the regulation of many biological events, including cell replication, differentiation, apoptosis and tissue remodeling [7] . The well-established functional role of BMPs in development and their ability to regulate vital cellular processes have made them an increasingly interesting topic in cancer research, and a wealth of new information has been reported regarding the role of BMPs in cancer pathogenesis. BMPs are aberrantly expressed in multiple malignancies. Manipulations of BMP signaling have been shown to cause distinct changes in the phenotype of cancer cells [8] [9] [10] . BMPs have been grouped into 15 categories and further divided into three subsets based on their amino acid sequences. The three subsets are BMP2 and BMP4, BMP5 and BMP8 and BMP3 and GDF10 [11] . In recent years, some members of the BMP family, especially BMP4, have been found to play a role in cancer pathogenesis [12] . According to these studies, BMP4 expression levels in different tumors usually vary. Compared to levels in corresponding normal tissues, BMP4 expression was increased in gastric, hepatocellular, and colorectal carcinomas [13] [14] [15] [16] . In contrast, reduced BMP4 expression was observed in pituitary tumors and meningiomas [14, 17] . In most tumor types, BMP4 inhibits cancer cell growth, but opposing or even conflicting results have also been reported. For example, reduced cell growth after BMP4 treatment or overexpression was observed in cell lines derived from basal cell carcinomas and myeloma, breast, gastric, lung, and pancreatic cancers [18, 19] . It has been reported that in myeloma and retinoblastoma, BMP4 could reduce cell growth and induce small mothers against decapentaplegic 1/5/8 (Smad1/5/8) phosphorylation; these effects were attenuated by cotreatment with 2 BMP type I receptor inhibitors (dorsomorphin and DMH-1) [20, 21] . Recent studies found that BMP4 can inhibit the growth of glioma cells. The expression of BMP4 and its receptor (BMPR), both their transcripts and proteins, was detected in GBM cells, and the expression levels were closely related to the WHO grade [22] . To sum up, BMP4 plays an important role in the development of glioma.
Follistatin-like 1 (Fstl1), first identified as a TGF-β1 inducible gene, encodes a secreted extracellular glycoprotein that contains a follistatin-like domain in its amino acid sequence [23] [24] [25] . According to in silico analysis, Fstl1 has a domain similar to follistatin, suggesting that it plays a role in TGF-β superfamily-induced inhibition [26] [27] [28] . Database analysis showed that Fstl1 expression was significantly increased in high grade gliomas compared with that in lower grade gliomas and was associated with glioma prognosis [29, 30] . However, the role of Fstl1 in GBM biology remains unknown. In this study, we showed that Fstl1 inhibited Smad1/5/8 phosphorylation by blocking the association of BMP4 and BMPR2 through competitive binding to BMP4. Thus, Fstl1 promoted glioma growth and may be a potential therapeutic target for treating GBMs.
Materials and Methods
Affymetrix microarray analysis of cell lines and patient tissue specimens
Two expression profiles (GSE4290 and GSE55918) were acquired from the Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/) database. From the GSE4290 data, 23 brain tissue samples from epilepsy patients were used as nontumor control samples, and 157 glioma samples, including astrocytoma, oligodendroglioma and glioblastoma (45 grade II, 31 grade III and 81 grade IV), were used. From the GSE55918 data, 15 brain tissue samples from epilepsy patients were used as nontumor control samples, and 1679 glioma samples, including astrocytoma, oligodendroglioma and glioblastoma (11 grade I, 166  grade II, 233 grade III and 1269 grade IV) , were used. The original CEL files and probe annotation of the platform were used.
Cell lines and patient tissue specimens
The human glioblastoma multiforme (GBM) cell lines A172, U87 and LN229 were purchased from the Shanghai Cell Bank of the Chinese Academy of Sciences (Shanghai, China). Normal human astrocytes (NHAs) were obtained from Lonza (Walkersville, MD, USA) and cultured in the provided astrocyte growth media supplemented with rhEGF, insulin, ascorbic acid, GA-1000, L-glutamine and 5% FBS. The primary GBM2 cell line was established in October 2013 from cells taken from a patient with right tempus glioblastoma. After written patient consent was obtained, tumor tissues were collected from the operating room during resection according to protocols approved by the First Affiliated Hospital of Nanjing Medical University Institutional Review Board. Tissues were obtained from viable tumor regions. Within 2 hours, the samples were either finely minced prior to organoid formation or dissociated into single-cell suspensions. Red blood cells were removed by brief hypotonic lysis; cell numbers were counted, and viability was assessed using trypan blue. Primary cell lines were maintained in primary serum-free cultures grown on laminin. All GBM cell lines were validated in October 2014 by short tandem repeat DNA fingerprinting using the AmpFlSTR Identifiler Kit according to the manufacturer's instructions (Applied Biosystems, CA, USA). All GBM cell lines were preserved in liquid nitrogen to maintain authenticity. The cells used for the experiments were replenished from frozen stocks every 3 months. Cells were cultured in 5% CO 2 at 37°C in Dulbecco's modified Eagle's medium (DMEM, Gibco, CA, USA) supplemented with 10% fetal bovine serum (Gibco) This study was approved by the Institutional Review Board and the Research Ethics Committee of Nanjing Medical University (Nanjing, Jiangsu, China). Informed consent was obtained from all participants. All methods were performed in accordance with the approved guidelines. Plasmid and stable cell line construction and transfection were also conducted in accordance with institutional guidelines.
Plasmid and stable cell line construction and transfection
The entire coding sequences of Fstl1 and BMP4 were obtained from HUVEC mRNA by RT-PCR. Fstl1 and BMP4 cDNA was purified by Genechem (Shanghai, China) and cloned into the pcDNA3.1-FLAG vector to generate pcDNA3.1-FLAG-Fstl1 and pcDNA3.1-FLAG-BMP4 recombinant plasmids. Transient transfection was performed using the Lipofectamine™ 2000 transfection reagent (Invitrogen) according to the manufacturer's instructions. For stable transduction, GBM cells were transfected with Fstl1, shFstl1, or shBMP4 (Genechem) lentiviral particles according to the manufacturer's protocol. Scrambled lentiviral particles were used as a control. After 48 h of incubation, the medium was replaced with DMEM containing 5 μg/ml puromycin. After maintenance for 3-4 weeks in selection media, puromycin-resistant colonies were selected and screened for Fstl1 or BMP4 expression.
Quantitative real-time PCR
Real-time PCR was performed using an iQ5 Multicolor Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA) according to the manufacturer's instructions. The primers used were as follows: has-Fstl1, forward primer 5'-CCCAGTTGTTTGCTATCAGTC-3',reverse primer 5'-CAGTGTCCATCGTAATCAACCTG-3'; and has-P21, forward primer 5'-TGTCCGTCAGAACCCATGC-3', reverse primer 5'-AAAGTCGAAGTTCCATCGCTC-3'. As an internal control, has-GAPDH mRNA was amplified under the same PCR conditions using forward primer 5'-GGAGCGAGATCCCTCCAAAAT-3' and reverse primer 5'-GGCTGTTGTCATACTTCTCATGG-3'. All experiments were performed in biological triplicate and experimental duplicate. Relative expression values were calculated using the 2−ΔΔCt method.
Western blotting
Western blotting was performed as described previously [44] , and images were captured with a BioRad ChemiDoc XRS+ system (Bio-Rad, Hercules, CA, USA). The antibodies used were targeted against the following: Fstl1 and BMP4 (Abcam, Cambridge, MA, USA); BMPR2 and p21 (Cell Signaling Technology, USA); and Smad1/5/8 and p-Smad1/5/8 (Santa Cruz, USA). An antibody against GAPDH (Cell Signaling Technology) was also used as a control.
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Cell proliferation assay Cells in the logarithmic phase of growth were seeded at 3000 cells per well and cultured in 96-well plates. Cell proliferation was assessed based on the assay results at the indicated time points using a Cell Counting Kit-8 (CCK8, Dojindo Laboratories, Japan) according to the manufacturer's instructions.
Flow cytometry for cell cycle analysis
Transfected cells were harvested, washed with PBS and fixed in 70% ice-cold ethanol. Fixed cells were resuspended in Cell Cycle Staining Kit solution (Multi Sciences, Hangzhou, China), incubated for 30 min in the dark and then analyzed by flow cytometry.
Colony formation assay
Cells stably expressing Fstl1, sh Fstl1-7 or the vector (control) were independently plated on 60-mm plates (200 cells per 60-mm plate). After 10 to 12 d, colonies were fixed in 100% methanol and stained with 0.1% crystal violet in 20% methanol for 15 min. Colony-forming efficiency was calculated as the number of visible colonies/plated cells ×100%.
Co-immunoprecipitation (Co-IP)
Co-immunoprecipitation assays were performed using a co-immunoprecipitation kit (Thermo Scientific, Waltham, MA, USA). GBM cells were lysed in SDS lysis buffer on ice for 30 min, and the supernatants were collected after centrifugation at 4°C and 14, 000 ×g for 15 min. The protein lysates were then incubated with anti-BMP4, anti-BMPR2 or anti-Fstl1 antibody on a rotator overnight at 4°C. Next, the mixtures were incubated with immobilized protein A/G beads (Thermo Scientific) on a rotator for 2 h at 4°C. The beads were collected by centrifugation at 3000 × g for 2 min and washed five times with 0.5 ml of IP wash buffer. SDS loading buffer was then added to the beads, and the samples were denatured at 95°C for 8-10 min. Finally, the supernatants were collected and either stored at -80°C or immediately analyzed by western blotting.
Orthotopic xenograft studies
Animal experiments were approved by the Animal Management Rule of the Chinese Ministry of Health (documentation 55, 2001) and were performed in accordance with the approved guidelines and experimental protocols of Nanjing Medical University (Nanjing, China). All experiments involving mice were performed by the Model Animal Research Center of Nanjing University (Nanjing, China). For orthotopic xenograft studies, GBM cells (2.5×10 5 ) stably expressing Fstl1, shFstl1-7 or shCtrl were injected intracranially into the striatum of nude mice using a stereotactic device (coordinates: 2 mm anterior and 2 mm lateral to the dura and 3 mm deep). Mice were sacrificed when they displayed advanced signs of tumor growth (rough coat, hunching, and weight loss). Tumors were measured weekly by luminescence imaging (IVIS Spectrum, PerkinElmer, USA).
Immunohistochemistry (IHC)
Immunohistochemistry to detect Smad1/5/8 in nude mouse xenograft tumor tissues was performed as described previously [31] .
Statistical analysis
Quantitative data are presented as the means ± SEM. Statistical significance levels were set at P < 0.05(*) and P < 0.01(**). One-way ANOVA and Student's t-tests were used to compare groups. Biostatistical analyses were performed using GraphPad Prism 5 software (GraphPad). All statistical tests were two-sided.
Results
Fstl1 expression was increased in human glioma tissues
To identify the role of Fstl1 in glioma, we analyzed Fstl1 expression using the GSE4290 and GSE55918 databases; we found that Fstl1 expression was significantly increased in highgrade glioma tissue samples, particularly glioblastoma (Figs. 1A-C 1F ). On average, Fstl1 expression was increased in glioma tissue samples, particularly in those from high-grade gliomas. Further analysis of the GSE55918 database showed that high Fstl1 expression levels were correlated with poor survival in patients with gliomas of various grades (Figs. 1G-K) .
Fstl1 overexpression promoted cell proliferation and cell cycle progression
To investigate its role in glioma progression, we analyzed Fstl1 levels in normal human astrocytes (NHAs) and five GBM cell lines (A172, LN229, primary GBM2, U87 and U251 cells) by western blotting. Almost all GBM cells had higher levels of Fstl1 than those in NHAs. Fstl1 expression was the highest in U87 and U251 cells and the lowest in LN229 and primary GBM2 cells (Fig. 2A) . We then established LN229 and primary GBM2 cell lines that stably expressed Fstl1 (Fig. 2B) . Flow cytometry was used to investigate the role of Fstl1 in glioma progression. Fstl1 overexpression led to an increased number of cells in S phase, while the percentage of cells in G1/G0 phase decreased from 55.7 to 41.9% in the LN229 cell line and 
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Cellular Physiology and Biochemistry from 54.5 to 42.2% in the P-GBM2 cell line. The percentage of cells in S phase increased from 31.7 to 44.4% in the LN229 cell line and from 34.6 to 44.6% in the P-GBM2 cell line. These findings suggested that Fstl1 accelerated cell transition from the G1/G0 phase to the S phase (Fig. 2C) . We also explored the effects of Fstl1 on cell proliferation using a colony formation assay. Fstl1 overexpression increased cell colony formation compared with that in the control group (Fig. 2D ). According to CCK-8 assays, Fstl1 overexpressing cells had higher cell proliferation rates than those of the control groups in both LN229 and P-GBM2 cell lines (Fig.  2E) . To further examine whether Fstl1 could promote tumor growth in vivo, we intracranially injected P-GBM2 cells expressing Fstl1 or a control vector into immunocompromised mice. Mice injected with P-GBM2 cells expressing Fstl1 had significantly greater tumor volumes than those injected with vector control expressing cells (Fig. 2F) . The median survival of the group overexpressing Fstl1 was 38 d, whereas that of the vector controls was 43 d (n=5 per group, P<0.01; Fig. 2G ). These findings indicated that Fstl1 overexpression promoted cell proliferation and cell cycle progression in vitro and in vivo.
Fstl1 knockdown suppressed glioma cell proliferation and cell cycle progression
The silencing efficacies of Fstl1 shRNA-5/6/7 were compared by western blotting (Fig.  3A) . shFstl1-7 had a higher knockdown efficiency than that of the other shRNAs tested in U251 and U87 cells. We used flow cytometry to detect the proportion of transfected cells in the G1/G0 and S phases. Significantly, for shFstl1-7, the proportion of cells in the G1/ G0 phase increased from 54.8 to 73.3% in the U87 cell line and from 54.5 to 75.1% in the U251 cell line. The proportion of cells in S phase decreased from 32.9 to 11.2% in the U87 cell line and from 32.1 to 10.1% in the U251 cell line. These results indicated that cells transfected with shFstl1-7 were arrested in the G1/G0 phase (Fig. 3B) . The colony formation ability of cells transfected with shFstl1-7 was attenuated compared with that in the shCtrl cells (Fig. 3C) . The CCK-8 assay showed that the proliferation capacity of cells transfected with shFstl1-7 was less than that of the cells transfected with shCtrl (Fig. 3D) . To examine the role of Fstl1 in vivo, we intracranially injected U87 cells expressing shFstl1-7 or shCtrl 
Cellular Physiology and Biochemistry
Cellular Physiology and Biochemistry into immunocompromised mice. Mice injected with U87 cells expressing shFstl1-7 had significantly decreased tumor volumes compared with those in the shCtrl expression group (Fig. 3E) . The median survival of mice in the shFstl1-7-treated group was 49 d, whereas that of the shCtrl-treated group was 42 d (n=5 per group, P<0.01; Fig. 3F ). Our findings demonstrated that Fstl1 knockdown attenuated cell proliferation in vitro and in vivo.
Fstl1 impaired the association between BMP4 and BMPR2 by competitively binding with BMP4
Fstl1 was reported to bind to BMP4, which, in turn, normally binds to BMPR2 in the TGF-β signaling pathway [32] . To further evaluate the relationship between BMP4 and BMPR2, we performed co-immunoprecipitation experiments to explore the interactions among Fstl1, BMP4 and BMPR2. Fstl1 and BMPR2 co-immunoprecipitated with BMP4 (Fig.  4A) . However, BMPR2 did not co-immunoprecipitate with Fstl1 (Figs. 4B-C) . Furthermore, Fstl1 overexpression significantly increased the interaction between Fstl1 and BMP4 and decreased that between BMP4 and BMPR2 (Fig. 4D) . Moreover, compared with binding in the control cells, BMP4 binding to BMPR2 was significantly increased when Fstl1 was downregulated, and BMP4 binding to Fstl1 was decreased (Fig. 4E) . Therefore, Fstl1 inhibited the association between BMP4 and BMPR2 by competitively binding to BMP4. We next investigated whether Fstl1 could affect the BMP4/Smad1/5/8 signaling pathway. BMP4 is known to bind to heteromultimers of type I and type II BMPRs and to activate the canonical Smad signaling pathway; therefore, we examined the activation-related phosphorylation of 
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Smad1/5/8 and the levels of p21, a protein downstream of Smad1/5/8. Immunoblotting showed that Smad1/5/8 phosphorylation and p21 levels were decreased in LN229 and P-GBM2 cells overexpressing Fstl1, while the total Smad1/5/8 levels were not affected (Fig.  4F ). In addition, compared with those in the corresponding control cells, phosphorylated Smad1/5/8 (p-Smad1/5/8) and p21 levels were increased in U87 and U251 cells in which Fstl1 was downregulated, but Smad1/5/8 expression levels were not affected (Fig. 4G) . According to the qRT-PCR results, p21 expression was decreased in cells overexpressing Fstl1 but was increased in cells with Fstl1 downregulated (Fig. 4H) . These results suggested that Fstl1 competitively bound to BMP4, decreasing BMP4-BMPR2 binding and thus regulating the Smad1/5/8 signing pathway.
BMP4 overexpression reversed the inhibitory effects of Fstl1
To further investigate whether Fstl1 inhibited Smad1/5/8 signaling through competitive binding with BMP4, we overexpressed Fstl1 and BMP4 together in LN229 and P-GBM2 cells and analyzed the levels of p-Smad1/5/8, Smad1/5/8 and p21 by western blotting. The effects of Fstl1 overexpression on these proteins were reversed by high levels of BMP4 expression but not low levels of BMP4 expression (Figs. 5A-C) . To further confirm the mechanism through which Fstl1 regulates cell cycle progression, GBM cells were cotransfected with Fstl1 and BMP4 plasmids. In addition, the ectopic expression of BMP4 significantly abrogated the effects of Fstl1 on cell cycle progression (Fig. 5D) . Similarly, the increased proliferation in LN229 and P-GBM2 cells induced by Fstl1 was also restored by BMP4 overexpression (Figs.  5E-F) . To determine the clinical relevance of the associations among Fstl1, p-Smad1/5/8 and p21, we performed IHC staining of these three proteins in glioma tissue samples from two GBM patients. There was a significant negative correlation between the levels of Fstl1 and the other two proteins in these GBM specimens. Tumors with low levels of Fstl1 tended to express high levels of p-Smad1/5/8 and p21, whereas those with high Fstl1 levels tended to express low levels of p-Smad1/5/8 and p21 (Fig. 5G) . Based on these findings, we concluded that Fstl1 could regulate glioma growth by competitively binding to BMP4 and inhibiting the Smad1/5/8 signaling pathway. 
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Discussion
GBMs are the most malignant form of astrocytomas. Several genetic alterations in GBMs have been described, but the prognosis of glioma patients remains poor due to the fast proliferation rate of glioma cells, short course of the disease, difficulty of early diagnosis, unique position of the lesions, incomplete resection and low sensitivity to chemotherapy and radiotherapy [33] [34] [35] [36] .
In this study, we used in vitro and in vivo experiments, as well as clinical sample analyses, to show that Fstl1 is a novel key factor responsible for glioma growth. Importantly, Fstl1 expression was significantly correlated with tumor progression and associated with the functional performance of glioma cells. Our experiments showed that the overexpression of Fstl1 promoted G1/G0 to S phase transformation in glioma cells. Glioma cell proliferation was upregulated as well. At the same time, Kaplan-Meier curves showed that the mean survival of nude mice was significantly decreased in the Fstl1 overexpression group in comparison with that of the vector control-treated group. Likewise, targeted inactivation of the Fstl1 gene suppressed cell cycle progression and glioma cell proliferation, ultimately decreasing tumor-related functions. In other words, Fstl1 plays an important role in glioma growth. However, the mechanism by which Fstl1 regulates cell cycle progression and proliferation remains unclear. Fstl1, first identified as a TGF-β1 inducible gene, encodes a secreted extracellular glycoprotein that contains a follistatin-like domain in its amino acid sequences [23] [24] [25] . Fstl1 has a domain similar to follistatin. In addition, its orthologue in zebrafish, zfstl 1/2, functions analogously to nog1 and chd to antagonize BMP activity during zebrafish development [37] [38] [39] . Previous reports show that Fstl1 can bind to BMP4 with a K d similar to that of follistatin binding to activin [27, 32, 40, 41] . However, the role of Fstl1 in BMP signaling remains unknown in glioma.
Further studies indicated that Fstl1 could combine with BMP4. BMP4, a member of the BMP family, is inherently involved in brain and spinal cord development and is a significant factor in nervous system development [42] that induces neural stem cells to differentiate into either neurons or astrocytes; BMP4 may affect neural stem cell differentiation through There are three subclasses based on biological function: receptor-regulated Smads (R-Smad), common-mediator Smads (Co-Smad), and inhibitory Smads (I-Smad) [44] . Activating BMPR specifically mediates the phosphorylation of BMPR-Smads (Smad1, Smad5 and Smad8), which then interact with co-Smad4 to form heterotrimeric complexes that mediate intranuclear signaling to regulate gene expression [45] . However, there is no relationship between Fstl1 and BMPR2. In the current study, Co-IP revealed that BMP4 could combine with Fstl1 and BMPR2, while Fstl1 could not bind to BMPR2. The ectopic expression of Fstl1 impaired the association between BMP4 and BMPR2 because Fstl1 competitively bound to BMP4 to prevent the phosphorylation of the Smad1/5/8 pathways; then, Smad4 was combined in the cytoplasm and translocated into the nucleus, impacting the expression of its downstream genes, e.g., p21. P21, which is also known as cyclin-dependent kinase inhibitor 1 or CDKinteracting protein 1, is a cyclin-dependent kinase inhibitor that inhibits the complexes of CDK2, CDK1 and CDK4/6 and thus functions as a regulator of cell cycle progression at the G1/ G0 and S phases [46] . Moreover, the knockdown of Fstl1 expression enhanced the association between BMP4 and BMPR2 and then promoted phosphorylation of the Smad1/5/8 pathways and further increased the expression levels of p21, blocking cell cycle progression at the G1/G0 phase and inhibiting cell proliferation. Otherwise, the overexpression of BMP4 could reverse the effects of Fstl1 in glioma cells. Accordingly, we conclude that Fstl1 can mediate the BMP4/Smad1/5/8 pathway by binding BMP4 competitively. Overall, our study showed that Fstl1 is a protein critical for modulating cell growth in GBMs. Fstl1 competitively binds to BMP4 to inhibit phosphorylation of the Smad1/5/8 pathways and the expression levels of p21, thus accelerating cell cycle progression and glioma cell proliferation, ultimately facilitating tumor-related functions. Our findings identified a novel mechanism of Fstl1-induced signaling inhibition in GBMs. In this work, we investigated only whether Fstl1 could affect proliferation and cell cycle progression in glioma via the BMP4/Smad1/5/8 signaling pathway. However, there may be many other Fstl1-related signaling pathways that can greatly influence cancer progression, especially in glioma. Further information regarding these Fstl1-induced signaling pathways in glioma progression is needed. In addition, this work has important implications for the development of treatment strategies for glioblastoma.
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